Objective: To analyse how DNA ploidy and S-phase fraction (SPF) by flow cytometry (FCM) and an optimised fully automatic DNA image cytometer (ICM) correlate with grade in TaT1 urothelial cell carcinomas (UC) of the urinary bladder. Materials and methods: Two-hundred-and twenty-eight consensus cases were analysed. Single cell suspensions were stained (DAPI for FCM, Feulgen for ICM). There was enough material for both FCM and ICM in 202 of these cases. FCM and optimised ICM measurements were performed on the 202 UCs. To discriminate between different grades, single-and multivariate analyses was performed on DNA histogram features obtained with the MultiCycle program (using DNA index (DI) and SPF). Results: Overall measurement time of the adapted ICM method was 10.7 minutes per case (range 5.9-29.8 min.) and required little additional interactive object rejection (average 152 objects (84-298) on 3000 objects per case measured, which took 9.9 minutes on average, range 8.3-15.5 minutes). The ICM histograms looked much "cleaner" with less noise than the FCM graphs. The coefficient of variation (CV) of the diploid peak for ICM (5.4%) was significantly lower than for FCM (5.9%) (p < 0.0001). ICM features were more strongly correlated to grade than FCM features. In multivariate analysis, the best discriminating set of features was DNA ploidy and SPF (both by ICM). Conclusions: The adapted fully automated DNA ICM works very well for UCs. Low CV DNA ICM histograms are obtained in a time comparable to FCM. The DNA ICM results have stronger discriminative power than DNA FCM for grade in TaT1 UCs.
Introduction
Grading is important in TaT1 urothelial cell carcinomas of the urinary bladder (UCs) as therapy partly depends on grade [11] . However, grade is not well reproducible [17] . This carries the risk of serious over-and under treatment. Therefore the need for objective and reproducible features in UCs is high. Previous stud-ies on UCs have found that DNA ploidy is correlated with grade [21] . Flow cytometry (FCM) has mostly been used for ploidy measurements [9, 34] but other studies have applied image cytometry (ICM) [22, 24] . DNA FCM has the advantage of rapid measurement of a large number of cells. The measurement precision is high, allowing the identification of small deviations in DNA content of a specimen. However, there are several disadvantages of FCM. An aneuploid peak may not be observed if the chromosome complement is within one or two times the standard deviation of the normal ("near diploid/aneuploid") peak. If the num-ber of aneuploid cells is small, the excessively larger number of diploid cells in the histogram may obscure low frequency aneuploid tumour cell lines. Furthermore there is lack of visual control, and artefact rejection is not possible on standard inexpensive flow cytometers used in most laboratories. Finally, there is lack of topographical information so that mixtures of different cells (benign, malignant) are measured, relatively large amounts of tissue are needed and measurements are hard to repeat [19, 24] . Although multiparameter FCM has the capability to considerably reduce the disadvantages of conventional FCM [20] in comparison with image cytometry, the technique is much more expensive and it also requires highly trained and motivated operating staff.
DNA ICM has several advantages over DNA FCM, the most important being the possibility to select epithelial cancer cells for measurement, the sample will still be available for further measurements and relocation of cells of interest is possible afterwards. Historically, a disadvantage of ICM systems was low speed. However, several ultrafast computerised image analysis systems for ploidy measurements have emerged over the past two decades [5] and several studies have shown that DNA ICM gives prognostic results that are superior to classical grading [29, 30] . Moreover, image cytometers can be used for measurements of cell and tissue features other than DNA. The laboratory type image cytometer developed by us also allowed screening for mitoses in tissue sections [2, 16, 32] , measurement of micronuclei [3] , quantitation of epithelium in ovarian-, and endometrial carcinomas [25, 26] , and counting of microvessel density in breast cancer sections [4] . A recent study on breast cancer showed a high measurement accuracy of the DNA image cytometer using the possibility to pre-select tumour cell nuclei only, by applying geometric and densitometric filters [5] . In that study complete concordance between DNA FCM and DNA ICM ploidy classes was 65% only and the results of ICM seemed superior to those of FCM.
However, evaluation of the thresholds for DNA ploidy and S-phase fraction (SPF) in UCs has not been performed. Thus, in the present study it is analysed whether the pre-set automatic geometric and densitometric thresholds used for automated selection of objects for measurements in breast cancer also hold for UCs and, if necessary, to adapt and test the DNA ICM again. The ICM results will be compared with FCM.
Furthermore, the discriminative power of DNA FCM and ICM features in relation to grade will be evaluated.
Materials and methods

Patients
Two-hundred-and-sixty-eight consecutive TaT1 UCs were obtained by trans urethral resection (TUR) or by biopsy, fixed in 4% buffered formaldehyde, dehydrated and embedded in paraffin. Newly Haematoxylin-Eosin (HE) stained 4 µm sections were made. The samples used for analysis showed the characteristic TaT1 UC lesion. The worst differentiated area of the HE section was carefully demarcated with a black marker (= measurement area, minimally 2 × 2 mm and maximally 5 × 5 mm) and graded according to the WHO classification [18] . Consensus stage and grade was reached at 228/268 (85%) (44 grade 1, 94 grade 2, 64 grade 3).
Specimen preparation
Exactly the same measurement area used for grading was demarcated with a sharp knife on the paraffin embedded tumour tissue for single cell preparation used for FCM and ICM. Fifty µm thick rolls were prepared followed by a 4 µm HE stained section to check for the presence of the representative tumour parts ("sandwich technique"). Cell suspensions were prepared according to the Hedley procedure (using Pronase XXVII (Sigma, 0.0005 mg/ml PBS) treatment for 30 minutes at 37 • C) [15] . Care was taken that the cell suspension was homogeneous and part of the cell suspension was stained with DAPI for FCM. For FCM satisfactory cell suspensions could be made for 216/228 UCs (94.7%). Cytospins were prepared and Feulgen stained according to the consensus of the European Society for Analytical Cellular Pathology (ESACP) [13, 14] . In short, cytospins were treated with 5 N HCl for 30 minutes at a carefully controled air-conditioned room temperature of 20 • C, rinsed in distilled water for 5 minutes, stained with fresh Schiff reagent for 45 minutes and washed in running tap water for 15 minutes. Because DNA FCM measurements were made first in 14 cases there was not enough material left for ICM, thus leaving 202/216 (93.5%) satisfactory cytospins, and these cases were further considered.
FCM and ICM
In the current study all samples were analyzed within 3 hours after staining on a commercially available flow cytometer (PARTEC, Munster, Germany). The coefficient of variation (CV) was defined as the ratio of the half-width at 61% (2 × standard deviation) of the G0/G1 peak on the abscissa. Trout erythrocytes served as external control cells.
The original, fully automated DNA image cytometer used was developed and evaluated over a period of 15 years in our laboratory [27, 28, 31, 32] . Recently, all basic principles were implemented in a commercially available system (QPATH, Leica, Cambridge, England). The system was carefully evaluated in a European concerted action (CAAC) as described before by Belien [5] . It consists of a Leica LB transmission light microscope with a PRIOR motorized scanning stage and autofocus system. A black-white Kohu Camera was used. The system follows the guidelines of the consensus report of the ESACP [13, 14] . Image data as well as numerical data resulting from measurements can be stored in combined databases. The image system settings were used as follows. A voltage stabilizer assured 220 V ±1%. Before every image analysis session Köhler illumination was applied, and the camera was warmed up for at least 30 minutes to ensure standardized conditions. The images were linearly corrected for shading with a commercially available calibration grid with different increasing optical densities. The corrected grey values thus provided a measure for the local optical density. Segmentation was done fully automatically based on the algorithm described by Vossepoel et al. [33] . Diploid rat liver reference cells were used as external control cells.
Filter development for automated DNA ICM
Densitometric and geometric filters to remove debris, leukocytes, fibrocytes, and aggregates were active during the measurement. At the start of the study, the filters developed for breast cancer [5] were used. We started with a learning set of 45 consecutive cases. It soon appeared that the image processing filters developed for breast cancer performed poorly on the UC specimens and the filters then were adapted as follows. Three thousand random objects per specimen (135,000 objects in total) were characterised cytologically by two of us (BD, JB) as epithelial cancer cells, noncancer epithelial cells, inflammatory cells, fibrocytes, cell debris or cluster. This was done interactively by review on the monitor and in the microscope (if necessary). From this database, the different objects were then classified on the basis of the quantitative features (using the different cell types as dependent variable). There was considerable variation in the quantitative features of the same cell type from one specimen to the other and we used the features of all objects of the 45 cases to train the system. This resulted in a classification algorithm which then was tested on an independent set of 20 new cases, which were unambiguously classified as diploid or aneuploid by FCM and also had low CV's of the diploid peaks. The results were already highly satisfactory, and only slight filter adaptations had to be carried out. This pre-final testing algorithm was then applied to 10 additional cases. No further adaptations appeared necessary and the DNA ICM method optimized for UCs was subsequently applied to all cases. The image database of each case was again evaluated, and less than 298 objects per histogram had to be rejected by the operator (average rejection rate 152 objects, range 84-298). Overall measurement time of the adapted ICM was 10.7 minutes (range 5.9-29.8 min).
Histogram analysis
In the histograms, the 2c peak was identified interactively, after which the histogram was scaled up to 10c with a fixed number of 256 bins in order to obtain standardised histograms for all cases. After the measurement the histograms were filed in ASCII format. FCM and ICM DNA histograms were analysed with the MultiCycle AV computer program (Phoenix Flow Systems, San Diego, CA, USA) according to a previously described protocol [6, 7] . From the histograms the DNA index (DI) was determined as the ratio of the second G0/G1 to the first G0/G1 peak in the DNA histogram assuming that the first G0/G1 peak to the left belonged to the diploid cells, either from the tumour cells or from other cells present in the specimen. A diploid (2c) tumour showed only the G0/G1 peak in the expected region in the histogram. Diploid tumours were defined as DI = 1.00. An aneuploid tumour showed an additional peak to the 2c peak. Near-diploid/aneuploid tumours were defined as 1.00 < DI < 1.30. Low aneuploid tumours had a 1.30 < DI < 1.90. Tetraploid tumours showed a G0/G1 peak on a double distance of the diploid peak with a 1.90 < DI < 2.10. The 4c peak should have a height of at least 10% of the diploid peak to be classified as tetraploid. High aneuploid tumours were de-fined as DI > 2.10. The CV of the diploid peak was defined as the ratio of the half-width at 61% (2×standard deviation) of the G0/G1 peak on the abscissa.
Statistics
Statistical analysis was performed with SPSS for Windows 10.0 (SPSS, Chicago, USA). The following features were included in the analysis: grade, DNA ploidy of the FCM and ICM, DNA ploidy of the FCM and ICM into five groups (as described above), SPF from FCM and ICM and CV of FCM and ICM. Descriptive analysis was performed and box-and scatter plots were made. The differences of the mean values of the DNA ploidy, DNA ploidy into five groups, SPF and CV for FCM and ICM were analysed for the total group with a Wilcoxon signed rank test. Multivariate analysis was performed to determine the best combination of discriminating features between the grades 1, 2, and 3. A linear discriminant function was derived for the two pairs of neighbouring grades and the percentage of correctly classified cases was assessed.
Results
Colour figures can be viewed on http://www.esacp. org/acp/2003/25-3/bol.htm.
The newly developed filters for ICM resulted in 202 DNA histograms that consisted of at least 2702 and maximally 2916 urothelial tumour cell nuclei (after rejection by the operator). The CV of ICM is considerably lower than that of FCM, and the ICM histograms looked "cleaner". Figure 1 shows the correlation between the DI of the FCM and ICM. There is a reasonably good correlation (r = 0.69, P < 0.0001), but with exceptions. In total there are 29 (14%) cases that are aneuploid by FCM and diploid by ICM, and vice-versa. Table 1 Grade was strongly correlated to DI, SPF and DNA ploidy into 5 classes both for FCM and ICM. However with FCM there was more overlap and SPF of FCM was only weakly significant. Of the 44 grade 1 cases, 3 were aneuploid by FCM, but none by ICM. Overlap between the grades 2 and 3 cases was slightly more outspoken with FCM than with ICM. Of the 94 rectly classified). The best discriminating features for grade 2 vs. grade 3 was DI and SPF of ICM (83% correctly classified).
Discussion
The aim of this study was to evaluate how a commercially available automatic DNA image cytometer, developed for breast cancer, performs in UCs, and to analyse in UCs how DNA ploidy and SPF by FCM and ICM correlate with grade. The filters used for breast cancer did not hold for UCs and therefore new ICM filter thresholds had to be developed. These newly developed geometric and densitometric filter thresholds for DNA ploidy and SPF for the automated image cytometry system worked very well for UCs as they gave excellent histograms, were very time effective, and the ICM results correlated better than FCM with grade. Discrimination between grade 1 and grade 2 was not very good which can be explained by the heterogeneity of the grades 2. This is a well-known phenomenon [8, 10, 22] . However, discrimination between grade 2 and grade 3 was satisfactory. It may be necessary to draw an artificial decision line between grade 1 and 2, in order to have an objective criterion for grading support. Indeed, pathologists often feel insecure when they are pushed to distinguish reproducibly between grades 1 and 2. This is understandable as grades form a continuous spectrum of changes and classification shifts are well known in such lesions [1] . Quantitative well re-producible techniques as the DNA ICM described can be used to support the decision-making procedure.
DI of the ICM correlated fairly well with DI of the FCM. The correlation coefficient of 0.69 is in concordance with that found in other studies. Some found higher correlation coefficients [12] (often using fresh material), but others [5] found lower correlation coefficients. ICM and FCM detected about equal numbers of aneuploid cases, but many of the FCM specimens contained clumps. When using a DNA ploidy classification into five groups, complete concordance between ICM and FCM was 79.2%. When a more simplified grouping into DNA diploid versus aneuploid was applied (which is clinically probably more useful), the concordance was 85.3%. These results again parallel those of others [5] . Artifacts in the preparation procedures and differences in the interpretation of the DNA histograms may explain the discrepancies in DNA ploidy classification. For instance, DNA aneuploid peaks detected by ICM may be overshadowed by large numbers of non-tumour cells in FCM, and DNA near diploid/aneuploid peaks detected by FCM may be due to clumping which is excluded in ICM. Theoretically, intra tumour heterogeneity may play a role in the analysis of DNA content but this is largely ruled out in the present study where FCM and ICM were done on the same cell sample.
Characteristic primary chromosomal aberrations associated with UCs are the loss of chromosome 5, monosomy 9, deletions in the short arm of chromosome 11, and deletion of a fragment of chromosome 19. Secondary chromosomal anomalies frequently occur on chromosomes 1, 7, 11, 17, and others [23] . This has been compiled into a commercially available multiparameter FISH test (UroVysion), but the cost of one test is fairly high. It remains to be determined whether it performs better diagnostically and prognostically than analysis of whole genome DNA aberrations by automated ICM. Currently, automated ICM seems an accurate, time-efficient, and cost-effective alternative for daily practice.
